Abstract--The role of adsorbed and structural Fe n+ in palygorskite and sepiolite with respect to the oxidation of hydrocortisone in aqueous suspension has been evaluated using electron spin resonance and UVvisible spectroscopy. Natural surface-adsorbed Fe 3+ showed an important activity in the oxidation process, although smaller than octahedral Fe 3+. The kinetics of oxidative degradation of hydrocortisone by palygorskite appear to be composed of two apparent first order reactions which may be associated with two kinds of sites for Fe in palygorskite. The lower oxidizing power of sepiolite for hydrocortisone degradation is due to its very low Fe z+ content.
INTRODUCTION
The ability of clay minerals to catalyze certain reactions of organic molecules is well known; however, the mechanisms of the catalytic processes have been the subject of considerable speculation. The color reaction of benzidine with some silicate minerals is perhaps the most widely used example of this kind of reaction (Theng, 1974) . The presence of structural Fe z+ in clays is considered at least partly responsible for the oxidation reactions, but AI a+ at edge sites (Solomon et al., 1968) , as well as surface-adsorbed hydrated metal ions, such as Fe z+ and Cu 2+, have been suggested as active sites in the oxidation of organics on clays containing little or no structural iron (McBride, 1979) . Examination of these surface reactions by electron spin resonance (ESR) and UV-visible (UV-VIS) spectroscopic techniques can provide a better understanding of the mechanisms of clay-organic interactions (McBride, 1979) . The role of certain impurities in clays in these processes can also be elucidated by using M6ss-bauer and ESR spectroscopy (Goodman, 1978) .
The fibrous clay minerals, sepiolite and palygorskite (attapulgite), have numerous industrial and pharmaceutical applications, due mainly to their high surface area and intracrystalline channels. It has been shown that Fe z+ is the principal source of oxidizing action of the surface of palygorskite (Miller et al., 1964) . This fact has been checked in a study of the oxidation of hydrocortisone in the presence of that clay (Cornejo et al., 1980) . As sepiolite generally contains less iron than palygorskite, its effect on the oxidative degradation of hydrocortisone is much smaller than that of palygor-4 Present address: Centro de Edafologia y Biologia Aplicada del Cuarto, C.S.I.C., Apartado 1052, Sevilla, Spain.
Copyright O 1983, The Clay Minerals Society skite (Hermosin et al,, 1981) . The present investigation examines the role of Fe a+ in the catalytic oxidation of hydrocortisone by palygorskite and sepiolite.
MATERIALS AND METHODS
Natural sepiolite from Vallecas, Spain, and palygorskite (Pharmasorb, a commercial variety of attapulgite) were used in all experiments. Free iron oxides were removed from a portion of the palygorskite by a citratebicarbonate-dithionite (CBD) extraction procedure (Jackson, 1956 ) in order to evaluate the influence of nonstructural Fe impurities on the ability of the clay to oxidize hydrocortisone. ESR spectra of the palygorskite (before and after CBD treatment) and the untreated sepiolite were obtained on a Varian Model No. El09 (Xband) spectrometer using oriented clay films aligned perpendicular (• or parallel ( II ) to the magnetic field of the spectrometer. The UV-VIS spectra of the same films were recorded on a Cary 17-D NIR-UV-VIS spectrophotometer.
The hydrocortisone-clay interactions were carried out in an aqueous medium as described earlier (Cornejo et al., 1980; Hermosin et al., 1981) . The quantity of hydrocortisone adsorbed by the clays was measured by the decrease in the intensity of the UV absorbance of the supernatant liquid at 254 nm after centrifuging to separate the clay. High-pressure liquid chromatography (HPLC) was also used to measure the amount of hydrocortisone degraded by the clays (Cornejo et al., 1980; Hermosin et al., 1981) .
RESULTS AND DISCUSSION

Forms of Fe z+ in palygorskite and sepiolite
Palygorskite has been shown to cause oxidation of hydrocortisone, and structural Fe z+ and surface-ad- sorbed free iron oxides have been suggested as possible sources of its reactivity (Cornejo et al., 1980) . The ESR spectra in Figure 1 show that both of these components are present in palygorskite. The ESR signal at g = 4.2 is indicative of octahedral Fe 3+ in the clay, whereas the very broad signal close to g = 2 can probably be attributed to ferromagnetic, surface-adsorbed iron oxides or hydroxides (Angel and Vincent, 1978; McBride, 1979) because it is reduced by a single citrate-dithionite treatment ( Figure lb) . The ESR signal at g = 4.2 has been assigned to structural Fe a+ in the octahedral layer; this signal appears to be composed of two resonances: a lowfield, strong resonance which could be attributed to Fe a+-AP + pairs with orthorhombic symmetry (Angel and Hall, 1972) and a weaker signal which most likely arises from FeS+-Mg2+ pairs (McBride et al., 1975) . The anisotropy of the g = 4.2 signal of palygorskite is clearly shown in Figure lc . This orientation-dependence of the Fe a+ signal is opposite that observed in Upton, Wyoming, montmorillonite (Berkheiser and Mortland, 1975) , but similar to that shown by hectorite (McBride, 1979) . The higher field should appear for the • rather than the [] orientation of the palygorskite film relative to the magnetic field. No apparent correlation exists between dioctahedral (montmorillonite and palygorskite) or trioctahedral (hectorite) character of rain-H ~ Figure 2 . The ESR spectra of air-dried sepiolite films: A = untreated clay; B = same sample as in A, but withthe g = 4.2 signal recorded at higher gain. erals and orientation-dependence of the Fe z+ signal in the g = 4.2 region, as suggested by McBride (1979) . The very broad signal attributable to surface-adsorbed iron oxides also shows anisotropy (shifting upfield) when the clay platelets are aligned parallel to the magnetic field (Figure la) . The narrow feature with g = 2 probably arises from an unpaired electron at a surface or bulkdefect site.
The lesser oxidizing power of sepiolite than that of palygorskite in the presence of an aqueous solution of hydrocortisone has been attributed to the very low iron content of sepiolite (Hermosin et al., 1981) . The ESR spectra of sepiolite (Figure 2 ) also show the same two features observed for palygorskite: a structural Fe 3+ signal at g = 4.2 and a surface-adsorbed iron oxide or hydroxide at g --2. Both signals are weaker in sepiolite than in palygorskite and depend on the amount of total iron in the clays. These values for sepiolite and palygorskite are 3.2 mg/g and 26.6 rag/g, respectively (Cornejo et al., 1980; Hermosin et al., 1981) . The low iron content of sepiolite minimizes the possiblity of electron-electron interactions arising from neighboring paramagnetic ions in the structure.
The ESR signal at g = 4.2 is essentially anisotropic (Figure 2b ) and very similar to the orientation-dependent Fe 3+ signal in palygorskite (Figure lc) , but in the opposite sense. The g = 2 feature is essentially isotropic, and the weak, narrow feature with g = 2 probably arises, as in the palygorskite sample, from an unpaired electron at a surface or bulk-defect site.
The UV-VIS spectra of palygorskite and sepiolite clays (Figure 3 ) also indicate the presence of Fe a+ in both minerals. The palygorskite spectrum (Figure 3a) shows a strong absorbance at 250 nm (comparable to some montmorillonites) that can be assigned to charge transfer (oxo to Fe 3+ octahedral), which is indicative of an octahedral Fe 3+ content of about 2-3% range (Karickhoff and Bailey, 1973) . No appreciable difference was observed in the UV-VIS spectra of palygorskite Vol. 31, No. 2, 1983 Hydrucortisone oxidation by sepiolite and palygorskite 111 250 a)
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I uJ z6o zso 3~o 3do 46o ~o s6o sdo 6~o Figure 3 . UV-visible spectra of palygorskite and sepiolite films: A = untreated palygorskite; B = CBD-treated palygorskite; C = untreated sepiolite.
before and after CBD treatment (Figure 3b ). The sepiolite spectrum (Figure 3c ) shows a weak band at 238 nm that can be assigned to charge transfer (oxo to Fe z+ octahedral). The assignment of the weak 270-nm shoulder is difficult, however, it has been attributed in some clays to Fe2+-AP + metal-metal charge transfer from octahedral Fe 2+ (Karickhoff and Bailey, 1973) .
Mechanism of hydrocortisone reaction on the clay
Hydrocortisone exhibits very slow degradation in aqueous solution at pH 8.4 (Takubo et al., 1962; Pitman et al., 1972; Cornejo et al., 1980) . However, degradation occurs more rapidly in contact with sepiolite (Hermosin et al., 1981) and even more rapidly in contact with palygorskite (Cornejo et al., 1980) and seems to consist of two, apparent first-order reactions rather than the simple apparent first-order reaction observed for hydrocortisone solutions. Treatment ofpalygorskite by the CBD-extraction procedure reduced the catalytic effect of palygorskite and produced a degradation profile similar to that observed in the presence of sepiolite. The effect of the CBD-extraction procedure on palygorskite suggests that surface-adsorbed iron oxides are active in the oxidation of hydrocortisone. Freshly precipitated ferric hydroxide produced no catalytic effect; thus an intimate association of the iron with the clay surface appears to be necessary for the oxidation of hydrocortisone.
The reduced degradation rate of hydrocortisone in the presence of CBD-treated palygorskite may be attributed to the Fe z+ present in palygorskite as surfaceadsorbed oxides or hydroxides as shown by ESR spectra in Figures la and lb (broad signal close to g = 2). However, the two-phase degradation reaction of hydrocortisone observed in the presence of palygorskite before and after CBD-treatment may be an indication that two additional kinds of sites for iron exist in palygorskite. As the oxidizing potential of the more accessible sites are exhausted, the rate of degradation decreases. These two kinds of sites for iron in palygorskite may be associated with the ESR g = 4.2 signal, which is composed of a low-field strong resonance, attributed to FeZ+-A1 z+ pairs with orthorhombic symmetry, and a weaker signal arising from the FeZ+-Mg 2+ pairs ( Figure  lc) .
The observation that the oxidizing power of sepiolite is less than that of palygorskite in hydrocortisone degradation can be explained on the basis of the very low Fe z+ content of sepiolite. Although ESR spectra of sepiolite (Figure 2) show two kinds of sites for Fe z+ which are similar to those in palygorskite, the amounts present are so small that the hydrocortisone degradation rate is very slow.
